The method for rapid evaluation of automatic blood pressure (BP) measurement devices (READ) is based on numerous BP measurements at rest and during a standardised postural challenge in a small number of subjects with a wide range of BPs. The present study proposes additional parameters of the READ for in-field validation of automatic BP measurement devices. BP measurements were done in supine position for 10 min followed by head-up tilt for 30 min and again supine for 10 min. BPs were determined simultaneously by automatic (AU) and mercury sphygmomanometric (MS) measurements on the same arm. The BP differences ⌬BP:AU-MS were calculated. Three units of the Colin BP-8800 and the Datex-Engstrom Cardiocap ™ II were evaluated. Based on ⌬BP(AU-MS), the grade of accuracy, aberration patterns and correlates of accuracy were assessed for each unit. Per unit, an average of 121 measurements were done, every BP category being met in у20 MS measurements. In general, the AU systolic BP
Introduction
Validation of automatic BP (blood pressure) measuring devices is a relatively new field of research. Most validation procedures assess the accuracy of a test device against a known standard, most commonly a mercury sphygmomanometer (MS). At present validation of automatic BP measurement devices is very cumbersome, time consuming and expensive because a large number of subjects, a wide range of BPs, and many well trained observers are required for validation. [1] [2] [3] We proposed a method for the rapid and inexpensive evaluation of automatic BP measurement devices (READ). 4 The READ is based on numerous BP measurements at rest and during a standardised postural challenge in a small number of subjects who exhibit a wide range of BPs. The reason of tilting was to further increase the range in BP values for each subject.
The aim of the present study was two-fold: first, to define additional parameters of the READ, and second, to assess whether the automatic BP measur- ing devices extensively utilised in our hospital are accurate.
Patients and methods
Informed consent was obtained from all patients and controls under an investigational protocol approved by the institutional review board for clinical studies.
Patients
Twenty-four adult patients of both sexes with a mean age of 41 years (range 21 to 79 years) were assigned to the study. There were six healthy volunteers and 18 patients with systolic and diastolic hypertension; among the hypertensives, three patients had well controlled diabetes mellitus and two patients had ischaemic heart disease. According to their sitting BP the patients were classified to the following categories, each including six subjects: optimal BP and normal BP, mild hypertension, moderate hypertension, and severe hypertension. 5 The patients' mean body mass index 25.6 (range 19 to 27). All patients exhibited sinus rhythm during testing.
The head-up tilt test (HUTT)
The HUTT comprises phases of supine rest and postural challenge. 6 The patient lay supine on the tilt table, secured to the table at chest, hips and knees using adhesive girdles, the cuff of the BP recording device attached to the left arm which was supported at heart level at all times during the study. The automatic (AU) and MS were connected to a common, regular-sized brachial cuff, attached to the patient's left arm. AU and mercury sphygmomanometric (MS) measurements were taken simultaneously by different observers in a blinded manner. The MS measurements were done with a standard Baumanometer (Standby Model 0661-0250) by two physicians certified in the BP measurement technique according to the American Heart Association recommendations. 7 The consistency of the MS measurements between the two physicians was assessed by duplicate MS measurements in 10 patients using dual sets of earpieces. The systolic and diastolic BP differences ranked within class A of the British Hypertension Society 2 demonstrating the consistency of MS measurements.
The BP was measured initially in the supine position for 10 min. This was followed by slowly (during 30 sec) tilting the patient to a 70°head-up position. The tilt phase lasted 30 min and was followed by another supine phase of 10 min duration. The automatic BP measurement device (AU) was programmed for measurements at 5-min intervals. In addition, at the end of each supine and the tilt phase, five measurements were done in the 'continuous' mode, ie, at intervals of approximately 25 sec. On the average, 30 BP measurements were obtained in each patient. During the course of the tilt test an electrocardiogram was recorded continuously.
Instruments tested
Two automatic oscillometric devices designed for measurement of the brachial BP were evaluated: the Colin BP-8800 (Colin Corporation, Hayashi, Japan) and the Datex-Engstrom Cardiocap ™ II (Datex Instrumentation Corporation, Helsinki, Finland). The cuff inflation and cuff deflation times are as follows: Colin BP-8800-5 sec and 20 sec; Datex-Engstrom Cardiocap ™ II-7 sec and 22 sec, respectively. The instruments were in clinical use for 2 months to 3 years. Three units of each device were calibrated before the study and evaluated by the READ. With each unit of the test devices, HUTTs were performed in four subjects, each subject representing a different category of the sitting BPs: optimal-normal BP, mild hypertension, moderate hypertension, and severe hypertension.
READ parameters
The ⌬BP (AU-MS) was determined for all measurements as well as separately for the supine and headup positions, at 5-min intervals measurements and 'continuous' mode, for each automatic BP measurement unit, and for each subject. Based on ⌬BP (AU-MS), the characteristics of each automatic BP measurement unit were assessed (Table 1) . heart rate.
The ⌬BP (AU-MS) are the keystones for all parameters of accuracy.
The grade of accuracy:
The test units were evaluated according to both the American Association for the Advancement of Medical Instrumentation (AAMI) criteria 8 
and the British Hypertension Society grading scale (BHS).
2 Based on AAMI criteria, an automatic BP measurement device is acceptable for clinical practice when the mean ⌬BP is р5 mm Hg and the standard deviation (s.d.) is р8 mm Hg. Accordingly, the mean and s.d. of the absolute BP differences were calculated for each unit. Based on BHS criteria, an automatic BP measurement device is acceptable for clinical practice when at least 65% of the AU readings fall within the 5 mm Hg, 85% within 10 mm Hg and 95% within 15 mm Hg of the MS.
2 Accordingly, the percentage of readings that pertain within the ⌬BP:AU-MS р5 mm Hg, р10 mm Hg and р15 mm Hg was calculated for each unit.
Aberration patterns: The 'aberration pattern' was evaluated by observation of the graphic representation of serial ⌬BP (AU-MS), systolic and diastolic, throughout the HUTT. Four different aberration patterns were defined (Figure 1 and 2) : 'positive' when Ͼ90% of ⌬BPs in a subject are Ͼ0, 'negative' when Ͼ90% of ⌬BPs are Ͻ0, biphasic' when positive and negative aberrations succeed in a predictable order, and 'irregular' when serial ⌬BPs are irregularly positive and negative. The 90% cut-off was proposed taking in consideration that inconsistency of a competent examiner should not exceed 10% of readings. 2 The aberration patterns were determined in each subject. Consistency of aberration patterns was established by comparing all aberration patterns recognized with a particular unit.
Factors which may modify accuracy:
The influence of various circumstances upon accuracy of the test units was evaluated.
(a) Mode of measurement. The ⌬BPs (AU-MS) determined during supine phase I at 5-min intervals and by continuous mode measurement were compared (t-test).
(b) Posture. The ⌬BPs (AU-MS) determined at 5-min intervals during supine phase I were compared with similar measurements during the tilt phase (ttest).
(c) 'Fatigue' of the instrument/examiner. All ⌬BPs (AU-MS) determined during supine phase I were compared with all ⌬BPs (AU-MS) determined during supine phase II (t-test).
(e) The grade of accuracy of new and old units of the same instrument was compared based on BHS and AAMI criteria (t-test).
(f) Correlations between the systolic and diastolic ⌬BP (AU-MS) and the magnitude of the systolic and diastolic BP, respectively, were determined (Pearson's correlation coefficient).
(g) Correlations between the systolic and diastolic ⌬BP (AU-MS) and heart rate were calculated (Pearson's correlation coefficient).
Results
Altogether, 725 simultaneous AU and MS measurements were performed, an average of 30.2 simultaneous AU and MS measurements per patient (range 24 to 36), and an average of 121 measurements per unit tested (range 118 to 132). For each unit, every BP category of the JNC VI 5 including optimal and normal BP, high-normal BP, mild systolic and diastolic hypertension, moderate systolic and diastolic hypertension, and severe systolic and Journal of Human Hypertension diastolic hypertension, was met in at least 20 manual BP measurements (Table 2) .
Grade of accuracy
In general, the AU systolic BP values were higher than MS systolic BP values (mean systolic ⌬BP = 1.26 ± 17.1 mm Hg) and AU diastolic BP values were lower than MS diastolic BP values (mean diastolic ⌬BP = −12.31 ± 7.8 mm Hg). Hence, the ⌬BP (AU-MS) did not satisfy the criteria of the AAMI requiring that the mean ⌬BP be 5 mm Hg or less and the s.d. be 8 mm Hg or less. 8 The percentage of readings that pertain within the ⌬BP (AU-MS) р5 mm Hg, р10 mm Hg and р15 mm Hg is shown in Table 3 . The BHS requirement that ⌬BP Ͻ5 mm Hg be present in 65% or more of measurements, Ͻ10 mm Hg in 85% or more of measurements and Ͻ15 mm Hg in 95% of measurements was not satisfied. All units were classified into category D of the BHS, ie, unacceptable for clinical use. 2 Aberration patterns and consistency of aberration patterns are illustrated in Figures 1 and 2 . All units over-or underestimated unpredictably the systolic BP. All units underestimated the diastolic BP. All units showed inconsistent aberration patterns on multiple HUTTs, making the design of correction formulas impractical.
Factors which may modify accuracy
The mode of measurement (at 5-min intervals or continuously), posture (supine or tilt), and 'fatigue' 
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Discussion
This study showed that the automatic BP measurement devices utilised in our hospital were inaccurate and unacceptable for clinical use according to criteria of the AAMI 8 and the BHS. 2 The accuracy of automatic BP measurement devices was rapidly evaluated with the READ.
Prior studies on accuracy of automatic BP measurement devices showed that the majority of automatic measurements overestimated the diastolic BP, while the systolic BP error varied with the device.
1,2,9-14 Like the latter studies, the Colin BP-8800 and the Datex-Engstrom Cardiocap ™ II invariably underestimated the diastolic BP and unpredictably over-or underestimated the systolic BP. A similar category of error can be understood if the automatic device is grossly inaccurate. Alternatively, the possibility that the mercury sphygmomanometry-the gold standard with which automatic devices are compared 8 -was inaccurate has been excluded since differences between manual 
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measurements by blinded and trained observers were insignificant.
The preliminary power analysis for READ takes advantage of the established principles utilised for validation methods. 2 Validation studies are based on large numbers of patients submitted to a few BP measurements, each. The READ is based on numerous measurements obtained in a few patients. The major purpose of tilting in the present study was to increase the range in BP values for each subject, thereby permitting to restrict the number of patients enlisted. The total number of BP measurements for both the validation studies and READ is comparable, and covers the spectrum of low, medium and high BP in similar proportions for both methods. 2, 4, 10 Since discrepancies between automatic devices and the mercury standard are influenced by age, 15 subjects covering a spectrum of ages from 21 to 79 years were included.
Beyond establishing the grade of accuracy of an automatic BP measuring device, we proposed two additional parameters of accuracy, the 'aberration pattern' and 'consistency of the aberration pattern'. Identification of the aberration pattern of an instrument could be the basis for calculating a formula for correction of the measured BP, provided the aberration pattern is consistent. The Colin and Datex instruments exhibited inconsistent aberration patterns, therefore making the design of correction formulas impossible.
The influence of continuous mode BP measurement vs measurements at 5-min intervals, effects of posture, magnitude of the BP and of the heart rate upon accuracy of the AU units were negligible. 'Fatigue' of the automatic instrument or the examiner after numerous measurements was excluded based on the similar grade of accuracy of early and late measurements from beginning to end of the HUTT. Decrement of a device's accuracy over time can be expected to occur after prolonged use 1 and may be diagnosed by sequential READ tests. Alternatively, comparison of the accuracy of new and old units of a device served in our study as a surrogate and showed that the grade of accuracy of a new and old unit of the Datex instrument was similar.
There are limitations to this study. First, it is unknown how the results of the READ relate to results of standard validation methods. Second, the discriminative ability of various parameters of the READ needs to be attested by examination of additional instruments exhibiting a spectrum of high to low accuracy. We submit that certain defaults of automatic devices could be missed when only the grade of accuracy of the devices is tested, but could be uncovered by application of the panel of parameters of the READ (Table 1) . Third, it has not been tested how well READ performs in children, isolated systolic hypertension, obese, or in the presence of cardiac arrhythmia. The patient characteristics could be important on account of the influence of the heart rate and the BP magnitude on the accuracy of the automatic BP measurement devices, particularly for instruments which are borderline between class B and C. 1, 2 Assessment of the accuracy of automatic BP measurement devices is a prerequisite for hypertension research and for clinical evaluation of antihypertensive medications. Before the beginning of such studies, the accuracy of the devices should be assessed; during the course of prolonged studies the devices should be reassessed periodically. Conventional procedures for validation are too cumbersome, time-consuming and expensive for being utilised for in-field monitoring of devices. The READ could be a good substitute for this task. In addition, the READ could be suitable as a pre-validation test, disclosing inadequacies in automatic BP measuring devices which may be amenable to correction by the manufacturer, and thus prevent them needlessly going through cumbersome validation protocols. Furthermore, testing automatic devices during tilt could provide an indication of their accuracy under ambulatory conditions. Indeed the average BP during the head-up tilt test closely correlates with average daytime ambulatory BP. 16 Testing during the performance of exercise and under true ambulatory conditions is difficult, 17 but the READ could prove to be a useful surrogate.
The READ is suitable for different patient populations, is simple and relatively inexpensive. The READ permits to identify quickly the grade of accuracy of automatic BP measuring devices. Identification of the aberration pattern of an instrument could be the basis for calculating equations for correction of the measured BP. Use of a panel of READ parameters may uncover defaults of the automatic device which could be missed when only the grade of accuracy is tested. The discriminative ability of the proposed parameters needs to be attested by further studies to show whether the READ can be useful as a pre-validation test, post-validation test, and for assessment of ambulatory BP measuring devices.
